A new type of displacement transducer for recording the calibrated left apexcardiogram (QLAC) has been evaluated in 69 normal subjects and 99 cardiac patients. Total displacement of QLAC (TD), its peak first derivative (peak dD/dt) and the normalized value (dD/dt/Dt) max were measured as well as the time interval from the upstroke of QLAC to peak dD/dt (t-peak dD/dt). A strong correlation exists between peak dD/dt and TD in normal subjects (r = 0.95) and the deviation from the normal relationship allows a separation between normal and abnormal ventricular function. In normal subjects (dD/dt/Dt) max averaged 34.2 ± 5.7 sec-'; it was significantly lower in patients with congestive cardiomyopathy (26.5 ± 6.3 sec-, P < 0.005). This index correlates with left ventricular end-diastolic pressure (LVEDP) (r = -0.69) and with ejection fraction (r = 0.66) and behaves as expected during positive and negative inotropic interventions.
malized indices were found to correlate significantly with the indices of contractility derived from left ventricular pressure and its first derivative, experimentally in dogs,"7 as well as in human subjects. 8 A new recording device for calibrated apexcardiography has now been developed in order to obtain an immediate electronic calculation of the first derivative and the normalized first derivative of the apexcardiogram.
It is the purpose of this study to evaluate the clinical usefulness and limitations of the calibrated left apexcardiogram (QLAC), its first derivative, and the normalized first derivative in the assessment of left ventricular function.
Material and Methods
Material of the Study
Left apexcardiogram tracings were obtained in 175 individuals: 69 normal subjects ranging in age from 18 to 58 years (mean age: 30 ± 13 years) and 99 patients with heart disease, ranging in age from 17 to 79 years (mean age 47 ± 14 years). In seven additional subjects the effect of pharmacological agents with positive and negative inotropic action was studied. Before registration, a physical examination was performed and height, weight, blood pressure and thorax circumference in maximum inspiration and expiration were measured.
The group of normal subjects consisted of 39 young (age 341 ranige: 18-25 vears) and 30 middle-aged mren (age range: 34-58 sears). No previous historv of heart disease was presenlt and a corrmplete phvsical examination, 12 lead electrocardiogram anid chest X-ray were normal.
The cardiac patients were divided into five subgroups 1) left venitricuilar svstolic overload: 26 patiernts (IHSS: 6; dominant valvular aortic stenosis: 8; moderate svstemic hypertension: 12); 2) left ventricular diastolic overload (aortic and /or mitral regurgitation): 23 patients; 3) dominant mnitral stenosis: 9 patieInts; 4) congestive cardiomvopathy. 14 patients; 5) ischemic heart disease: 27 patients. The diagniosis of the u-nderlyirng cardiac disease was confirmed in the large majoritv of the patienits by cardiac catheterization andl appropriate angiographic studies.
Pharmacological initervenitions were performed in seven volunite,e,rs in order to studv the effect of positive ancl nlegative itnotropic drugs on QLAC and derived indices.
Isoproterenol (IsuLprel-Winthrop), infused intravernouslv at a rate of 0. 03 g/ kg/ mn, arid proprantolol (Inderal-1CI), a mg IV, were given in ordter to ol)tain the appropriate effect. In two cases onlx onie drug was given. Iniformed consent was obtained fromi the sulbjects prior to the examination.
Interobserver variation was studied in 25 subjects in xxh}lomn QIAC, was recorded consecuttivelv by twxo e-x perieneedl investigators, eachi unaxare of the (ther's findinigs.
Intraolbserver variation was studied in 23 subjects in whorn the left apexcardiograrn was recorded twice bv the same inrvestigator withini ani interval of at least one week. All suljects were middle-aged, (lid not take cardioactive druigs and x wcre instructed to avoid smoking and drinking coffee or alcohol for at least fouir houirs lbelore the recording session. All tracinigs were recorded after a 10 mi. rest period. hleart rate and b)100(1 pressure wvere measured before, during and after recording tile apexcardiograrn.
Paired t-test analysis on the data revealed a slight increase in I-eart rate dluiring the second olservation period (+ 3 beats/ ni, < K0.05). For systolic anid diastolic blood pressure however, no statisticallv significant difference existedl bietw eeni thei two observation periods.
2.~Methods
1Ithel nomrenclature uised thlroighout the paper to define the different parts anid reference points of QLAL x is inhceated on figure 1. I'hel recordlinig device is a new tVppe of pulse-phono rnicrophone (F'lerma Schonander) which allows simultaneous pick-ip of precordial puilsation aind heart sounds in the same area of the chest wall. Figure 4 shows the mean value (± 1 SD) of the total displacement of QLAC (TD) and of peak dD/dt in the total group of normal subjects and also in the young and middle-aged subgroups. In the whole group the mean values for TD and peak dD/dt were 2.7 ± 1.7 X and 37.9 ± 24.3 X/sec, respectively. The variation coefficients of TD and peak dD/dt were large, reaching 62.2 and 64.2%, respectively.
The mean values of TD and peak dD/dt were significantly lower in middle-aged than in younger subjects (P < 0.001). Mean body weight and maximal expiratory thorax circumference were definitely high-
El 34 -58y n = 69 n = 39 n = 30 Figure 4 The calibrated left apexcardiogram (QLAC) and derived indices in normal subjects. The values are given as mean ± 1 sD for the total group and for the subgroups of young (18-25 years) and middleaged subjects (34-58 years).
er in the middle-aged group (P < 0.02 and P < 0.001).
In the total group of subjects, a negative association was found between maximal expiratory thorax circumference and TD (r = -0.41) and also peak dD/dt (r = -0.41). Multiple regression analysis did not reveal any significant effect of systolic blood pressure and heart rate on TD and peak dD/dt.
Patients withi Heart Disease TD and peak dD/dt were compared with the middle-aged normal group since mean age in the group of cardiac patients was 47 + 14 years.
TD was significantly elevated in systolic (P < 0.02) and diastolic overload (P < 0.001) but normal values were found in the three other subgroups (table 2) . Peak dD/dt exceeded normal values only in diastolic overload (P < 0.005) (table 2). In the subgroup of systolic overload, patients with idiopathic hypertrophic subaortic stenosis (IHSS) and valvular aortic stenosis but not with systemic hypertension showed a rise of TD (3.77 ± 2.28 X, P < 0.02 and 3.81 + 2.0 X, P < 0.01). Only in IHSS was peak dD/dt above normal values (56.5 ± 28.3 X/sec, P < 0.01).
Multiple regression analysis with TD and peak dD/dt as dependent variables and thorax circumference, heart rate, cardiothoracic ratio and left ventricular systolic and end-diastolic pressure as independent variables revealed a significant correlation only with thorax circumference (N = 42, r = -0.48 and r = -0.56). TD and peak dD/dt were also not significantly correlated with left ventricular ejection fraction.
Important differences in anthropometric data existed between the normal group and the various subgroups of cardiac patients, e.g., body weight and thorax circumference were 76. During isoproterenol infusion a significant increase was observed in heart rate (+ 15 beats/min, t = -5.57, P < 0.001); TD (+ 0.71 X, t = -2.71, P < 0.05) and peak dD/dt (+ 53.8 X/sec, t =-3.61, P< 0.02).
Mean heart rate decreased by 11 beats/min (t = 3.63, P < 0.02) after intravenous administration of propranolol. TD and peak dD/dt fell in all but one case, but the changes were statistically significant only for peak dD/dt (-9.8 X/sec, t = 2.89, P < 0.05). In the total group of normal subjects, the linear correlation between peak dD/dt and TD was highly significant (r = 0.95) ( fig. 5 ). This relationship is mathematically expressed by the regression equation peak dD/dt = 13.8 TD + 0.86.
Strong correlations between peak dD/dt and TD were also present in the different subgroups of patients with heart disease (r = 0.81, 0.86, 0.97, 0. The regression line relating peak dD/dt to TD obtained in patients with a low ejection fraction (< 0.64) was markedly different from those obtained in normal subjects and in patients with a normal ejection fraction (. 064) ( fig. 6 ).
The Normalized First Derivative of QLAC Normal Subjects
In the total group the mean value for (dD/dt/Dt) max was 34.2 ± 5.7 sec-' whereas dD/dt/Dd had a mean value of 44.7 ± 9.2 sec.- 1 The variation coefficient for the normalized first derivative was definitely lower than for TD and peak dD/dt and attained, respectively, 16 between (dD/dt/Dt) max and heart rate (r = 0.31).
Patients with Heart Disease
The normalized first derivative of QLAC was definitely lower in patients with congestive cardiomyopathy (P < 0.005 for (dD/dt/Dt) max and P < 0.001 for dD/dt/Dd. Lower mean values were also found in patients with ischemic heart disease (P < 0.02 for dD/dt/Dd) whereas normal values were found in the remaining subgroups (table 2) .
Multiple regression analysis with (dD/dt/Dt) max as dependent variable and thorax circumference, heart rate, cardiothoracic ratio and left ventricular systolic and end-diastolic pressure (LVEDP) as independent variables revealed a positive association only for LVEDP (N = 42, r = 0.54).
-In patients with mitral stenosis and atrial fibrillation, the index (dD/dt/Dt) max varies inversely with the length of the preceeding diastole whereas dD/dt/Dd remains constant ( fig. 7) . Relationship between the total displacement of QLAC (TD) and its peak first derivative (peak dDIdt) in normal subjects and in cardiac patients with a normal and with an impaired left ventricular function. pranolol, these indices decreased significantly (-5,8 sec-1 for (dD/dt/Dt) max, t = 3.99, P < 0.02 and -8.4 sec-' for dD/dt/Dd, t = 5.00, P < 0.001), In one case, both TD and peak dD/dt increased after propranolol administration whereas (dD/dt/Dt) max and dD/dt/Dd decreased.
Time to Peak dD/dt of the Left Apexcardiogram
In the total group of normal subjects t-peak dD/dt had a mean value of 53.9 ± 9.5 msec and a variation coefficient of 17.6%. In middle-aged subjects, the mean value of this time interval was 56.9 i 7.6 msec which was slightly higher than in younger subjects (51.5 ± 10.8 msec, P < 0.05). Mean heart rate was definitely lower in the middle-aged group (P < 0.001). A weak correlation was present between t-peak dD/dt and heart rate (r = -0.33).
Among cardiac patients, t-peak dD/dt was markedly increased in patients with congestive cardiomyopathy (81.6 ± 18.9 msee, P < 0,001). Significantly higher mean values were also obtained in the group with ischemic heart disease (P < 0.01) and in patients with mitral stenosis (P < 0.001) (table 2) . In patients with IHSS, t-peak dD/dt was significantly shorter than normal (46.5 ± 8.5 msec, P < 0.01). In patients with diastolic overload, t-peak dD/dt was not significantly altered. The interval t-peak dD/dt correlated weakly with the ejection fraction (N = 17, r = -0.655). A positive association existed between t-peak dD/dt and left ventricular end-diastolic pressure (N = 30, r = 0.40).
During isoproterenol infusion t-peak dD/dt significantly decreased in all cases (-8.7 msec, t = 4.08). After intravenous administration of propranolol, t-peak dD/dt increased in all but one case, but the changes were statistically not significant.
In the total group of normal subjects and cardiac patients, t-peak dD/dt correlated weakly with the normalized first derivative of QLAC (dD/dt/Dt) max (N = 117, r = 0.34).
Multiple regression analysis with ejection fraction as dependent variable and all the indices derived from QLAC and its first derivative (the normalized indices and the index, t-peak dD/dt) as independent variables, revealed a significant t-value only for (dD/dt/Dt) max ( Lack of calibration has undoubtedly hampered the clinical application and usefulness of apexcardiography, and until now attempts at calibration have been rare.' -Clinicians, however, have long been aware that the quality and amplitude of the apical impulse was not similar in patients with different types of heart disease. 15"16 Calibrated apexcardiography has now enabled the clinician to substantiate these impressions (table 2)18 1. The Amplitude of Apical Displacement A increased amplitude of QLAC was found in patients with systolic and diastolic overload of the left ventricle which is in agreement with the findings of Sutton and Craige.' 18 An interesting finding of our study has been the influence of the thoracic diameter, derived from its circumference, and of body weight on the total amplitude of QLAC. Although this seems to be self-evident, differences in body build have not until now been taken into consideration when comparing 19 The interval between the upstroke of the QLAC and the peak of its first derivative (t-peak dD/dt), used in the present study was, however, less dependent on heart rate.
Difficulties in calibration are the main reason for the scarcity of studies analyzing the peak first derivative of the left apexcardiogram. 4' 20, 21 During acute hemodynamic interventions in the canine, the absolute value of the peak first derivative of the QLAC correlates significantly with left ventricular peak dP/dt.4 In the present study, peak dD/dt increased during positive and decreased during negative inotropic interventions. Peak dD/dt was significantly increased in patients with IHSS which is in agreement with previous findings.20 21 The clinical value of this index, however, is limited since peak dD/dt does not correlate significantly with LVEDP and ejection fraction and is mainly determined by extrinsic factors such as thorax circumference.
An important finding was the excellent correlation in normal subjects between the peak first derivative of the QLAC (peak dD/dt) and its total displacement (TD) (r = 0.95, fig. 5 ) A highly significant correlation between peak dD/dt and TD was also found in the subgroups of cardiac patients. The slope of the regression line, however, was definitely lower in patients with a low ejection fraction (< 0.64) whereas in the group with a normal ejection fraction it was nearly identical to normals ( fig. 6 ). The relation between peak dD/dt and TD appears to be an expression of the functional state of the heart and further work in this field is certainly warranted. noted, however, that previous work from our laboratory has shown that in the dog the normalized first derivative of the left apexcardiogram is highly significantly correlated with indices of contractility derived from left ventricular dp/dt and instantaneous isovolumic pressure. 4 In order to evaluate the relative importance of the normalized indices derived from QLAC and the index t-peak dD/dt, multiple regression analysis has been performed including all measured indices and using EF as the dependent variable. Only (dD/dt/Dt) max had a significant t-value, demonstrating its superiority on the index t-peak dD/dt (table 5) .
In view of the inherent simplicity of measuring the time interval t-peak dD/dt, which obviates the need for calibration, this time interval remains highly interesting for the evaluation of the hemodynamic state of the heart, although peak dD/dt could not always be measured due to the presence of multiple peaks in the derivative tracing.
The independence of the normalized indices of QLAC from the thorax circumference and the significant correlation that. exists between these indices and other parameters of ventricular function, e.g., ejection fraction and LVEDP, clearly demonstrate their superiority on the nonnormalized indices. This superiority is further enhanced by the lesser variability of the normalized index in normal subjects and by the reduced inter and intraobserver variation. It can be concluded that the normalized first derivative of QLAC is of great value for the clinical evaluation of the hemodynamic state of the heart.
